Introduction 26
Freshwater ecosystems cover less than 10% of global ice-free land area (Lehner and Doll, 2004) and have 27 been typically overlooked as substantial contributors to, or sinks of, atmospheric carbon greenhouse gases (GHGs; 28 Bastviken et al., 2011) . However, recent studies suggest inland lakes collectively receive and process carbon at 29 6 over a 20-minute period, dissolved CO 2 from pumped surface waters, with a gas cell in a Celgard MiniModule 141
Liqui-Cel. The equilibrated gas was then analysed for CO 2 concentration by a LI-COR (Lincoln, NE) 820 infrared 142 gas analyzer. The systems also measured dissolved oxygen (O 2 ) concentrations using a Qubit TM flow-through 143 sensor. Concentrations were then converted to aqueous molar concentrations using Henry's Law and water 144 temperature quantified with a Campbell Scientific (Logan, UT) 107-L thermistor. The systems were housed in 145 watertight cases along the shore from which a sample line extended out into the surface waters, and upon which was 146 mounted a CS 014A anemometer (1 m height) and a Kipp & Zonen (Delft, The Netherlands) photosynthetically-147 active radiation (PAR) LITE quantum sensor. All data were recorded on Campbell Scientific CR10X dataloggers. 148
Dissolved CO 2 and CH 4 fluxes of high Arctic freshwaters 149
Though several models exist for quantifying turbulent gas fluxes of lakes (e.g., MacIntyre et al., 2010), we 150 decided to use the stagnant film model described by Liss and Slater (1974) to quantify net CO 2 and CH 4 mass fluxes 151 between surface waters and the atmosphere at our remote location. This decision was made because of 24-hour 152 daylight at our high-latitude location dampened diurnal surface temperature changes to less than 1°C, the general 153 shallowness of the systems, and the steady, sometimes gusty, wind conditions on site. The stagnant film model 154 assumes gas concentrations in both surface waters and the atmosphere are well-mixed, and that gas transfer between 155 the phases occurs via diffusion across a diminutive stagnant boundary layer. Diffusive gas transfer across the 156 boundary layer is assumed to follow Fick's First Law: 157
(1) 158 where C SUR (μmol L -1 ) is the concentration of the gas in surface waters, C EQL (μmol L
) is the atmospheric 159 equilibrium concentration, and k is the gas exchange coefficient, or the depth of water per unit time in which the 160 concentration of the gas equalizes with the atmosphere (i.e., piston velocity). Values of k (cm hr -1 ) were calculated 161 using the automated system's wind measurements and occasionally from nearby (within 2 km) eddy covariance 162 towers (Campbell Scientific CSAT3 Sonic Anemometers; 30 min. means), and published empirical relationships 163 (Table S3 ; Hamilton et al., 1994) . To determine the direction of the flux, atmospheric equilibrium CO 2 and CH 4 164 concentrations were quantified using Henry's law, in-situ barometric pressure and air temperature, and mean annual7 atmospheric equilibrium concentrations, the freshwater systems were considered a source (+) or sink (-) relative to 168 the atmosphere, respectively. 169
We also measured ebullition fluxes of CO 2 and CH 4 to the atmosphere from two freshwater systems 170 (Skeleton Lake, Pond 01) during two growing seasons using manual bubble collection and GC analysis (see 171 Supporting Information). 172
Supporting measurements 173
We quantified additional physical and chemical parameters in surface waters at the same sites as we 174 collected our GHG samples, although at reduced sampling frequencies ( bottles. These samples were immediately processed in the Lake Hazen/Quttinirpaaq Field Laboratory clean room 180 after water collection, and stored in the dark at ~5ºC or frozen until analysed at the BASL. 181
Numerical analysis 182
We used hierarchical clustering analysis (IBM SPSS Statistics 23) to organize ponds and lakes into type 183 categories based on concurrent GHG and chemistry chemical analyses (10 sites; n=62; Table 2 ). Because sampling 184 was unbalanced in frequency and time between sites due to logistical challenges (Table 2 ; see section 2.1), potential 185 overlap of chemistries between individual lakes was high, therefore setting a conservative standard for classifying 186 distinct lake freshwater types. We used between-group linkage and squared Euclidean distances to group similar 187 sites together and delineate distinct high Arctic freshwater typesclasses. We then used linear-mixed models (SPSS) 188 to quantify differences in GHG concentrations and fluxes between these different high Arctic freshwater types. 189
Linear-mixed models are ideal for analysing non-independent and repeated measures data as they integrate inherent 190 errors in repeated sampling designs to more clearly distinguish statistical differences between groups. These models 191 also can efficiently handle unbalanced designs by standardizing results from each site within groups. 
Biogeochemical classification of high Arctic freshwaters 207
Four distinct types of freshwater systems were evident from our sampling in the Lake Hazen watershed 208 (Table 3 ; Error! Reference source not found. Figure S1 ; hierarchical cluster analysis; see Methods). "Evaporative" 209 ponds (Ponds 07, 10, 12) occurred in the upland of the Lake Hazen catchment and were hydrologically-isolated from 210 their surrounding basins post-snowmelt. These ponds were relatively high in concentrations of total dissolved solids, 211 most measured ions, DIC, DOC, organic particles, TDP and chl-a. Pond 03, though not technically clustered with 212 others, was forced to the Evaporative pond category based on lack of consistent inflowing water and high 213 concentrations of most dissolved ions. This delegation was further consistent with isotopic measurements of oxygen 214 (δ 18 O-H 2 O) in water taken from each aquatic system in July 2010 ( Figure S2 ). "Meltwater" systems, including 215 Ponds 11, 16 and Skeleton Lake, also occurred in the upland of the Lake Hazen watershed, but received consistent 216 water supply through the growing season primarily from snowmelt, permafrost/ground ice thaw water or upstream 217 lake drainage. The general chemistry of these systems was therefore consistent and without extremes during the 218 growing season (see section 3.2). Typical meltwater streams draining to these ponds were high in TDN and sulfate 219 (SO 4 2-), but low in DOC (Table 3) , though streams drained through marginal wetlands surrounding the lakes and 220 ponds downstream of our sampling sites. "Shoreline" ponds (Ponds 01, 02) occurred along the margin of Lakesoils and flora during spring low water conditions. As glacial melt accelerated throughout the growing season, 251 though, the water level of Lake Hazen rose and could seep through the berms to incrementally flood the ponds and 252 surrounding wetlands ( Figure S3 ). Shoreline ponds changed chemically during the onset of flooding as indicated, for 253 example, by an increase in the concentration of NO 3 -+NO 2 - (Table 3) . A separate smaller cluster of Pond 01 samples 254 occurred during particularly high-water periods when Lake Hazen breached the berms (Error! Reference source 255 not found. Figure S1 ). The flooding water from the "Lake Hazen shoreline" was cold, dilute in dissolved ions, 256 organic matter, TDN, and chl-a, but considerably higher in NO 3 -+NO 2 -compared to other water bodies. (Table  293 S4). Diurnal trends of CO 2 and O 2 concentration measured by the automated system at Pond 01 over several 294 growing seasons showed opposite diel patterns of the gases, with greater O 2 concentrations during the warmest and 295 lightest brightest parts of the day (r=-0.98, df=7, p<0.001; Figure 4 ). However, the net result of strong seasonality in 296 these ponds was slight net emission of CO 2 to the atmosphere (+42±60 μmol m -2 hr; Figure 3 ) that was not 297 statistically-different from other types of freshwaters. 298 Lake Hazen shoreline water, though not necessarily representative of the entire lake itself, was 299 characteristic of its moat occurring early each growing season, and of water that intruded Shoreline ponds in July. 300
This water was generally near atmospheric equilibrium concentrations of CO 2 (21.0±7.8 μmol L -1 ; Figure 2 ) with 301 stable and low CO 2 uptake throughout the season (-44±66 μmol m -2 hr; Figure 3 ). CO 2 concentrations of this 302 shoreline water related strongest and positively with DIC, NO 3 -+NO 2 -, major ions and wind speed (Table S4) . 303
CH 4 330
Each of Evaporative, Meltwater and Lake Hazen shoreline freshwaters had statistically similar and low 331 CH 4 concentrations (0.06-0.14 μmol L (Table S4) . Meltwater systems were also generally low in CH 4 concentrations and fluxes 335 through the summers and associated positively and closely with CO 2 concentrations, and strongly but negatively 336 with SO 4 2-, alkalinity and other ions (Table S4 ). Notable flux emissions from these systems only occurred during 337 episodic wind events, also similar to CO 2 ( Figure S5 ). However, unlike CO 2 , higher CH 4 concentrations were 338 sustained into July in Skeleton Lake in 2010 (Figure 2 ). Lake Hazen shoreline water showed low and stable CH 4 339 concentrations and fluxes each growing season with infrequent and small releases of the gas to the atmosphere. CH 4 340 concentrations in this water correlated positively only with particulate carbon concentrations (Table S4) . 341
Shoreline ponds, alternatively, had significantly higher CH 4 concentrations relative to the other systems 342 (Table S4 ). This significant increase in CH 4 flux emissions from Shoreline ponds 348 during flooding (>five times higher than during dry periods) was coupled with large increases in pond surface areas, 349 effectively producing even higher total CH 4 emissions to the atmosphere. However, fluxes of CO 2 to the atmosphere from these systems did not correspond closely with early season venting, 398 but rather to the frequency of episodic releases of CO 2 to the atmosphere ( Figure S5 ). This may have been related to 399 their greater mean depths, which promoted stratification in at least one of our sampled Meltwater systems (Skeleton 400 Lake; Figure S6 ). Stratification would confine decomposition products (e.g., CO 2 , CH 4 ) to near their sites of origin 401 in bottom sediments and extensive benthic mat communities, which would then be released most readily during and 402 just after wind mixing events. We observed evidence of this process via strong positive correlations between CO 2 403 and CH 4 concentrations in surface waters (Table S4) . Results from our automated systems supported this argument 404 as mean diurnal CO 2 and O 2 concentrations in surface waters of Skeleton Lake associated poorly and positively 405 together, rather than oppositely negatively if metabolic processes (i.e., primary productivity or decomposition of 406 organic matter; see Pond 01 below) were dominant drivers in surface waters. Mixing-related releases of CO 2 wouldwith the entire lake, may explain the negative correlation observed between CO 2 and DOC concentrations. 410
Shoreline ponds changed drastically in size and chemistry in response to seasonal flooding by Lake Hazen 411 shoreline water (Table 1, (Table S4 ). Although negatively correlated diurnal CO 2 and O 2 concentrations suggest that primary productivity was 417 consistently occurring in Shoreline pond surface waters, flooding of the ponds was ultimately the more important 418 process controlling seasonal CO 2 concentrations. 419 CO 2 concentrations in Lake Hazen shoreline water were near atmospheric equilibrium and only weakly 420 consumed atmospheric CO 2 . These results along the shoreline appear to be similar to other locations offshore 421 
CH 4 428
Evaporative and Meltwater systems were typically weak producers and emitters of CH 4 , which was 429 possibly related to concurrently high SO 4 2-concentrations in these systems due to additions of water draining 430 evaporite geologies (Table 3 ; Trettin, 1994) . This may have given competitive advantage to SO 4 2--reducing bacterial 431 communities in sediments, which typically outcompete methanogenic bacteria for hydrogen. This hypothesis was 432 supported by the prevalence of H 2 S gas in collected sediment cores from Skeleton Lake (unpublished, 2013) (Table S4 ) across its shoreline, did the near shore waters of Lake Hazen release CH 4 to the 440 atmosphere above near-zero values. 441
Shoreline ponds were regional "hot-spots" of CH 4 exchange, which was clearly driven by seasonal 442 flooding, and releases of organic matter and nutrients (Table S4) GHG exchangestotal watershed exchange of these two GHGs (Table 4) . Several reasons may explain the limited 460 role of aquatic freshwater systems there. First, pond and lake coverage in the high Arctic is typically very low 461 (<10% of Lake Hazen watershed; Table 4) compared to the southern Arctic (Lehner and Doll, 2004) . Well-drained 462 soils, a semi-arid climate and continuous evaporation throughout a 24-hour daylight growing season all contribute togrowing seasons of high Arctic freshwaters are very short as ice-cover can remain perennially on some lakes, or may 465 vacate for only three months (Rautio et al., 2011) . Though ponds in the Lake Hazen watershed can warm to 466 moderate levels compared to other Arctic locations (Table 3 , Rautio 2011), time exposure to these temperatures is 467 short-lived and likely limits growing season autotrophic and heterotrophic activity and their contributions to 468 freshwater carbon gas exchange. Geochemical production of CO 2 in high-alkalinity ponds and lakes is also lessened 469 in only moderately warm environments (Marcé et al., 2015) . Third, runoff delivered to high Arctic freshwaters is 470 typically dilute, nutrient-poor and low in quality organic matter because it drains among through the most 471 unproductive and desiccated soils anywhere on Earth (ACIA, 2004) . Therefore, neither important nutrients key for 472 aquatic photosynthesis (Markager et al., 1999), nor labile carbon for heterotrophic activities, are supplied to many 473 high Arctic lakes in great quantities, thus limiting potential biological carbon GHG uptake or emission. These 474 constraints on aquatic productivity were visible at our sites as few were dominated by productive emergent plants, 475 but rather by barren lake-beds lakebeds or submerged benthic mats of weaker productivity. 476
Despite a challenging harsh climate and poor-quality substrates, our results suggest that the degree of 477 moisture availability in high Arctic ecosystems was an overarching control on CO 2 exchanges. Running water 478 environments are the most productive landscapes in the Lake Hazen watershed (Table 4) because they are  479 consistently wet, but not starved of (e.g., polar semidesert) or inundated by (e.g., ponds, lakes) water. These ideal 480 conditions support productive emergent plant communities, which typically outgrow other vegetation types along 481 the terrestrial-aquatic watershed gradient (Wetzel, 2001 ). This occurred despite low soil temperatures in these 482 wetlands because of shallow active layers above permafrost tables. Productive standing water environments were 483 rare in the Lake Hazen watershed, except for Shoreline ponds during their drier wetland phase. However, the 484 sometimes late season flooding hydrology ofof these sShoreline systemsponds with Lake Hazen waters promoted a 485 near balance of net autotrophy and heterotrophy in these systems. For CH 4 , the spatial coverage of ecosystem types 486 was the most important factor controlling its exchange at the watershed scale. Only Shoreline ponds, due to the 487 flooding of its wetland vegetation, were substantially higher in per-unit CH 4 gas exchange than other ecosystems 488 (Table 4) . However, net uptake of CH 4 by methanotrophs in polar semidesert soils was ultimately of greatest 489 importance at the watershed scale because of the landscape's extensive spatial coverage relative to other ecosystem 490 and ice phonologies, greater contributions to runoff from subsurface ice and glaciers, and greater evaporation rates 495 (ACIA, 2004) . These changes will affect the distribution and sustainability of water across high Arctic landscapes. 496
Smol and Douglas (2007) have suggested that negative water balances and the drying of small and shallow aquatic 497 systems will become a more frequent response to rapidly increasing temperatures and enhanced evaporation. Others 498 have suggested that site-specific hydrological conditions have important controls on the ultimate sustainability of 499 high Arctic waters, including substrate characteristics, snowpack accumulation, and connection to water sources 500 (Abnizova and Young, 2010) . In the Lake Hazen watershed, expected increases in nearby coastal evaporation and 501 landward precipitation (Bintanja and Selten, 2014 ) may deliver larger snowpacks, recharges of to subsurface ice or 502 water storage, and increases in summertime runoff to aquatic systems. Increased temperatures, however, should also 503 work to sustain wet areas in the watershed. For example, Iincreased glacial melt would continue to deliver more 504 water to Lake Hazen and flood Shoreline Lakes for longer periods. Higher temperatures should also improve water 505 delivery to Meltwater systems and meadow wetlands supplied by thawing subsurface ice. Only shallow Evaporative 506 ponds, which endure a precarious existence based on net balances in snowmelt and evaporation, have a less certain 507 future. We suspect that these Evaporative systems may be susceptible to drying over the shorter term as air 508 temperatures increase, but and the weak water storage capacity of well-drained polar semidesert soils continues. 509
Only until long-term improvements in productivity and organic matter content in soils occurs, would we expect 510 more consistent sources of runoff to these shallow systems. Well-drained polar semideserts, similarly, may also be 511 expected to remain relatively dry until water holding capacity of the soils improves (Emmerton et al., 2016) . 512
With expected sustainability of water delivery to most wet systems in the Lake Hazen watershed over the 513 longer term, future carbon GHG exchange there and across other high Arctic regions, is likely dependant on the 514 trajectory of landscape change of polar semideserts (Sitch et al., 2007) . Low CO 2 and CH 4 exchange in upland 515 freshwater systems and Lake Hazen will likely continue until water and nutrient conditions in polar semidesert soils 516 draining to them improves over the longer term. Shoreline ponds may be flooded earlier and for longer periods as 517 exchange due to their minimal abundances existence. Consequently, changes in the terrestrial ecosystems, over the 521 longer term, should continue to define the direction and intensity of GHG exchanges in the high Arctic. Meadow 522 wetlands are key high Arctic regions due to substantial growing season productivity and CO 2 consumption, despite 523 their low abundance. Notable spatial expansion of these very productive systems, though, is unlikely due to 524 topographical constraints. The potential of dry polar semideserts to change, however, is great over the long term 525
(ACIA, 2004). As plant growth, organic matter production and soil water retention improve as expected in the polar 526 semidesert, its CO 2 sink strength during the growing season should also improve. However, this may also work to 527 perturb atmospheric oxygen and methane infiltration into polar semidesert soils and perhaps decrease the magnitude 528 
